Omnidirectional reductions in drag and fluctuating forces can be achieved for a circular cylinder subjected to cross-flow by attaching cylindrical rings along its span at an interval of several diameters. In this work, the effects of ring diameter (D), spanwise width (W), and spanwise pitch (P) on vortex shedding suppression were investigated. It was found that the periodicity of the pressure fluctuation on the sides of the cylinder disappeared at higher Reynolds numbers (Re d ≥ 20,000) for the ring configuration with D/d = 1.3, W/d = 1, and P/d ≈ 3, where d is the base cylinder diameter. In this configuration, the fluctuating lift force was about 1/30 that of a 2D cylinder due to the suppression of periodic shedding and the reduction of spanwise correlation. The mechanism behind this was explored through flow visualization and particle image velocimetry and is considered to be as follows: A spanwise pressure gradient originating from a stepwise change in diameter induces spanwise flow, which brings the corner vortex to the side of the ring. This promotes laminar-turbulent transition in the shear layer separated from the ring at Re d ≥ 20,000. As a result, the wake behind the ring shrinks significantly, which induces a pair of large transverse vortices just behind the ring edges. Consequently, the formation of two-dimensional spanwise vortices is obstructed, and the periodicity of the vortex shedding is suppressed.
Introduction
It is well known that a two-dimensional bluff body subjected to cross-flow generates periodic vortex shedding, which sometimes causes unfavorable effects, such as vortex-induced vibration and aeroacoustic noise. Therefore, the use of passive flow control to suppress these effects has been widely investigated as reviewed by Zdravkovich (1) . An example applicable to a circular cylinder is the attachment of thin protuberances called "tripping wires" in front of the separation lines, which promote laminar-turbulent transition in the subcritical flow regime (2×10 4 < Re d < 2×10 5 ) (2)(3) .
Vortex shedding can also be suppressed through three-dimensional surface modifications. Bearman and Owen (4) and Owen et al. (5) investigated drag reduction and vortex shedding suppression on a rectangular cylinder and a circular cylinder by introducing wavy separation lines. That is, a sinusoidal wave-shaped front face was added to the cylinder with a rectangular cross-section, and a sinusoidal wave-shaped axis was added to the cylinder with a circular cross-section. As a result, the drag coefficients were reduced by 30-47% compared to the unmodified cylinders, even though the amplitude of the waviness was small: The ratio of the peak-to-peak wave height to the wavelength was approximately 0.1. Although these modifications dramatically reduce drag and suppress vortex shedding, they are only effective for a given flow direction relative to the cylinder. A method that is effective for all flow directions was proposed by Owen et al. (5) in which hemispherical bumps were attached in a spiral pattern to the surface of a circular cylinder. This geometry resembles "helical strikes" (6) and "helical wires" (7) , which have often been applied to circular cylinders to suppress flow-induced vibration. However, the addition of helical strikes and helical wires resulted in an increase in the drag force (1) . In contrast, the geometry proposed by Owen et al., together with vortex shedding suppression, reduced the drag coefficient by 25%. Ahmed et al. (8) (9) studied the flow around a wavy circular cylinder, the diameter of which changed sinusoidally along its span. In this configuration, streamwise vortices were observed near the geometric nodes of the cylinder; however, the drag reduction was small (9% maximum) for an aspect ratio (axial length divided by mean diameter) of about 10.
Lam et al. (10) investigated a similar wavy circular cylinder with a larger aspect ratio (about 27); in this experiment, the drag coefficient was reduced by up to 20%. Zhang and Lee (11) investigated the flow field behind a wavy circular cylinder using two-dimensional particle image velocimetry (PIV) and observed well-organized streamwise vortices with alternating positive and negative vortices. The present author (12) (13) proposed adding cylindrical rings to the circular cylinder (step changes in the diameter of the cylinder), as shown in Fig. 1 , as a means of three-dimensional surface modification. The advantages of this geometry are axial symmetry (omnidirectionality) and manufacturing simplicity. Figure 2 shows the drag reduction caused by the addition of the rings. As shown in this figure, the drag reduction was significant above a Reynolds number of about 10,000; this is attributed to the transition in the shear layer separated from the ring, as described later. Surface pressure fluctuation was also significantly reduced by adding the rings, which is likely to suppress vortex induced vibration and/or aeroacoustic noise. Lim and Lee (14) controlled the flow behind a circular cylinder by attaching thin O-rings arranged at 0.0167 ≤ P/d ≤ 2, the configuration of which has some similarity to the ringed cylinder proposed here. In this case, the drag coefficient C D was reduced by 9 % maximum at Re d = 120,000.
This paper focuses on the suppression of vortex shedding by the addition of cylindrical rings. First, the optimum ring configuration for vortex shedding suppression was The surface pressure fluctuation was measured using two pressure transducers (PD104K-10K, Toyoda), which were mounted within the test cylinder. Two 1.5 mm diameter pressure holes, each connected to a transducer, were placed directly across from each other at the mid-span of the cylinder, as shown in Fig. 3 . These holes were used to simultaneously measure the fluctuating pressure on both sides of the cylinder (φ = ±90°). The resonance frequency of the pressure holes was approximately 2 kHz, which means that frequencies below 400 Hz could be measured without resonance effects. The pressure distribution around the cylinder could also be measured by rotating the cylinder around its axis, thereby adjusting the circumferential position of the pressure holes.
The flow field behind the cylinder was measured using two-dimensional PIV. Oil mist with an average diameter of about 1 μm was seeded into the air flow. The mist was illuminated at 15 Hz by a double-pulse laser sheet (Solo PIV II-15, New Wave Research), which was oriented in the x-y or x-z plane. A camera (XS-3, IDT) with a resolution of 1280×1028 pixels and a spatial resolution of 0.07 mm/pixel was used to record the flow; the interrogation window was 32×32 pixels. The mean velocity field was calculated by averaging 500 instantaneous flow fields.
The flow around the cylinder was visualized using the smoke-wire method and the surface oil-film technique. For the smoke-wire method, paraffin oil was applied to a tightened 0.1 mm Nichrome wire; when the wire was heated, smoke (paraffin mist) was generated and entrained in the air-flow. The smoke flow, which was illuminated by metal halide lamps (HVC-SL, Photron), was recorded using a high-speed video camera (XS-3, IDT) at 600 frames/s.
Suppression of Fluctuating Lift

Surface pressure fluctuation
The fluctuating force acting on the cylinder was investigated by measuring the surface pressure fluctuations at both sides of the cylinder (φ = ±90°). For the smaller ring diameter (Fig.  4 [c]) and width ( Fig. 4 [e]), the ring's effect was less significant. In contrast, for the smaller ring pitch (Fig. 4[g] , P/d = 3), the periodic fluctuation was effectively suppressed on both the base cylinder and the ring. In this case, the Figure 6 depicts the pressure distributions around the cylinder at Re d = 31,000. Figure  6 (a) shows the time-averaged pressure coefficient C p , and Fig. 6(b) shows the RMS value of the fluctuating pressure coefficient C p '. For the ringed cylinder, the flow separated from the side of the ring (at φ = 80° for P/d = 3; at φ = 90° for P/d = 6) and reattached to the rear of the ring (at φ = 140° for P/d = 3; at φ = 145° for P/d = 6), forming a separation bubble between the separation and reattachment points (shown later in Figs. 11 and 12 ). At these points, the values of C p ' were maximums, as shown in Fig. 6(b) . Since the formation of separation bubbles on both sides of the ring led to the narrowing of the wake behind the ring, the base suction recovered, unlike the 2D cylinder; this decreased the drag of the ringed cylinder. Although the pressure recovery was more prominent for P/d = 3 than for P/d = 6, as shown in Fig. 6(a) , the drag reduction was more effective for P/d = 6 (Ref. [12] and [13] ); this was due to the increase in projected area and the forward movement of the separation point for P/d = 3 ( Fig. 6[a] ). The values of C p '(f s ) are similar to that of C p ' for both the 2D cylinder and the base cylinder with P/d = 6, where fluctuations are dominated by periodic shedding. In contrast, for P/d = 3, the value of C p '(f s ) is markedly lower than that of C p ' for both the base cylinder and the ring, where periodic shedding does not occur.
Pressure distribution
Estimation of fluctuating lift coefficient
The fluctuating lift coefficient acting on a section of the cylinder (the local fluctuating lift coefficient) can be estimated assuming that the pressure fluctuation on both sides of the cylinder (φ > 0 and φ < 0) are completely out of phase (15) .
Here, C L ' is the RMS fluctuating lift coefficient, and C p '(φ, f s ) is the RMS pressure coefficient at φ within a band of f s . Also, the fluctuating lift can be roughly estimated as follows (16) : 
The estimated values of C L ' within a frequency band of f s ± 10% were plotted in Fig. 7 against the Reynolds number. For the ringed cylinder, C L ' was weight-averaged across the base cylinder (z = P/2) and the ring (z = 0). The solid curve in Fig. 7 is an empirical function evaluated by Norberg (15) for a long 2D cylinder. This curve markedly increases with the Reynolds number in the range of Re d = 4,000-8,000, at which the vortex formation region approaches the rear of the cylinder. Namely, the effects of vortex-induced vibration and/or aeroacoustic noise become significant at Re d ≥ 10 4 . Fig. 7 ) agrees fairly with the empirical curve, although there are some differences in the experimental conditions, such as aspect ratio and blockage ratio. Incidentally, the value from Eq.(1) maybe an underestimate since the frequency components except for a band of f s are neglected, and the value from Eq.(2) is an overestimate according to Norberg (15) .
In contrast, the addition of the ring reduces the fluctuating lift, particularly at Re d ≥ 20,000; this is due to the transition of the shear layer at Re d ≥ 20,000, which causes a narrowing of the wake behind the ring. As expected, the fluctuating lift for the smaller ring pitch (P/d ≈ 3) almost disappears; its C L ' value is about 1/20 that of the 2D cylinder.
Spanwise correlation
Assuming that the fluctuation has no phase difference along the span, the fluctuating lift force acting on the cylinder F L ' is proportional to C L ' and is expressed as
If there is a phase difference, the fluctuating lift reduces to
where γ is the attenuation ratio due to the phase difference. Assuming a sufficiently long cylinder, γ is expressed (15) as
where Λ is the spanwise correlation length, σ is the centroid of the spanwise correlation, and R LL (z) is the cross-correlation coefficient between local fluctuating lift forces separated Figure 8 shows R uu (z) at Re d = 31,000 as a function of spanwise separation, Δz, which is the distance from the center of the base cylinder (z = P/2). The velocity fluctuation was measured using two I-type hot wires at the side of the cylinder (x = 0, y/d = 0.8). The velocity fluctuation signal was band-passed within f s ± 10% to estimate the value related to the suppression of periodic shedding. For P/d = 6, the spanwise correlation is similar to that of the 2D cylinder; the coefficient, however, increases slightly beyond the ring (Δz/d ≈ 4) since the periodic shedding phase tends to synchronize; the reason for this is not presently clear. In contrast, the spanwise correlation for P/d = 3 decreases suddenly with Δz/d since the periodicity disappears; the coefficient is almost zero beyond the ring (Δz/d ≥ 2). Table 1 
A Consideration of the Mechanism
The change in flow around the ring
The drag coefficient of the ringed cylinder decreases sharply above a Reynolds number of about 10,000, as shown in Fig. 2 . This is caused by a change in flow around the ring, which leads to a narrowing of the wake behind the ring (13) . To explore the mechanism behind this, the flow field around the ringed cylinder was visualized.
(a) Red = 10,000 (b) Red = 20,000 Fig. 9 , the flow on the side of the ring shrinks in the spanwise direction; this is because the velocity just outside of the boundary layer on the side of the ring is generally higher than that on the side of the base cylinder at the same radius. This causes a spanwise pressure differential and results in flow from the base cylinder (near the ring edge) to the side of the ring. This flow even appears at a lower Reynolds number of Re d = 10,000 (Fig. 9[a] ) but becomes prominent at Re d = 20,000 (Fig. 9[b] ). Figure 10 shows the power spectrum of the velocity fluctuation at the side of the ring (y/d = 0.8). At Re d = 10,000 ( Fig. 10[a] ), the turbulence level around the ring is similar level to that for the 2D cylinder. In contrast, at Re d = 31,000 (Fig. 10[b] ), the turbulence level markedly increases at the ring edge (z/d = 0.5) for the higher frequency components. (The turbulence level already increases at Re d = 20,000 according to Ref. [13] ). This indicates that laminar-turbulent transition initiates at the ring edge in the range of 10,000 < Re d < 20,000.
For a 2D circular cylinder, it is well known that the shear layer undergoes laminar-turbulent transition in the critical regime (3×10 5 < Re d < 1.5×10 6 ) and the flow reattaches just behind the separation line, forming a separation bubble between the separation and reattachment points. Similarly, for the ringed cylinder, it is reasonable to suppose that the transition at the ring edge at Re d > 10000 triggers the flow reattachment at the rear of the ring to form a separation bubble on the side of the ring, despite the Reynolds number being more than an order of magnitude lower. The mechanism behind this can be considered as follows: At the ring edge, a corner vortex is generated from the front to the side of the cylinder, as clearly visualized in Fig.  9(a) , and is entrained in the flow on the side of the ring due to the pressure differential. This causes a higher turbulence level in the separated shear layer around the ring edge, which promotes turbulent transition at lower Reynolds numbers. Once the separation bubble is formed, the surface pressure on the side of the ring decreases markedly, as shown in Fig.  6(a) . This intensifies the flow narrowing in the spanwise direction at the side of the ring, as shown in Fig. 9(b) , which again induces turbulent transition. This synergistic effect maintains the existence of the separation bubble. The separation bubble is depicted in Figs. 11 and 12 . Figure 11 shows the surface oil-film patterns on the side of the ring at the same condition as in Fig. 9 . At Re d = 10,000 (Fig. 11[a] ), the flow separation line on the side of the ring is almost two-dimensional; however, at Re d = 20,000 (Fig. 11[b] ), the separation line is formed into a C-shape by the flow shrinkage in the spanwise direction. The flow reattachment point is also visible near the mid-span of the ring at φ ≈ 140°. Figure 12 shows the flow visualization using the smoke-wire method on the side of the ring. The wire was placed 1 mm from the ring surface at φ = 125°. For both Reynolds numbers (Re d = 10,000 and 20,000), a reverse flow forms on the ring from the wire to just behind the flow separation line, and then the flow spreads to both ring edges along the separation line. At Re d = 10,000 ( Fig. 12[a] ), the spread reverse flow separates and entrains in the wake of the cylinder, forming a quasi-two-dimensional spanwise vortex behind the cylinder. On the other hand, at Re d = 20,000 ( Fig. 12[b] ), the spread reverse flow merges near the mid-span of the ring at φ ≈ 140° and then separates further downstream. The C-shaped separation bubble is clearly visible on the side of the ring, corresponding to the oil-film pattern shown in Fig. 11(b) . In this case, the quasi-two-dimensional spanwise vortex is not observed in the wake. 
Velocity field after wake transition
Next, the flow field behind the ringed cylinder was measured using PIV. Figure 13 depicts an instantaneous velocity field and vorticity contour behind the cylinder in the x-y plane at Re d = 30,000 (after transition). For the 2D cylinder ( Fig. 13[a] ), alternating vortex shedding generates a mass of vorticity across the wake center (y = 0) just behind the cylinder. This induces periodic transverse flow near the cylinder, causing a significant amount of fluctuating lift. In contrast, for the ringed cylinder, the wake behind the ring (Fig.  13[b] and [c], bottom) shrinks due to the formation of separation bubbles on both sides of the ring. The small-scale vortices are shed behind the ring, but they barely cross the wake center. For P/d = 6 (Fig. 13[b] , top), the vortex formation region moves downstream on the base cylinder, causing periodic transverse motion near the cylinder to weaken, which then leads to a reduction in fluctuating lift. The smaller pitch configuration further weakens the periodic motion, and finally, periodic shedding ceases at P/d ≈ 3 (Fig. 13[c], top) .
The three-dimensionality of the wake is depicted in Fig. 14 , which shows the mean velocity field behind the cylinder at the wake center (x-z plane, y = 0). For the 2D cylinder ( Fig. 14[a] ), the mean velocity field is uniform along the span, although there is a three-dimensionality to the instantaneous field, and a reverse flow forms just behind the cylinder (x/d < 1.3). In contrast, the addition of the ring produces a pair of transverse vortices (±ω y ) just behind the ring edge, as indicated by the arrows in Fig. 14(b) and (c); this is because the flow behind the ring has no reverse flow in the mean field, while the flow behind the base cylinder has a large reverse flow region for x/d < 3. This distorts the wake around the ring into a highly three-dimensional feature. For the larger ring pitch of P/d = 6 (Fig. 14[b] ), there remains a two-dimensional flow field behind the base cylinder. This maintains periodicity in the vortex shedding at the middle of the base cylinder (Fig. 4[b] , left). With decreasing ring pitch, the two-dimensional flow field behind the base cylinder shortens until it disappears at P/d ≈ 3, as shown in Fig. 14(c) . This suppresses the periodicity of the vortex shedding. (Fig. 9[a] ). However, the spanwise vortices generated in the separated shear layer tend to connect in the near wake, as can be observed in Fig. 12(a) . Finally, a quasi-two-dimensional spanwise vortex tube is formed as shown in Fig. 15(a) , resulting in periodic vortex shedding similar to that in the 2D cylinder.
In contrast, for Re d = 20,000 ( Fig. 15[b] ), a pair of transverse vortices just behind the ring edges are clearly visible, which correspond to ±ω y measured using PIV (Fig. 14[c] ). The movie of Fig. 15(b) shows that the transverse vortices rotate continuously, the position of which is almost fixed. This flow obstructs the formation of two-dimensional spanwise vortices.
Finally, the flow structures around the ringed cylinder before and after the transition are conceptually illustrated in Fig. 16 . For Re d ≤ 10,000 ( Fig. 16[a] ), the spanwise flow shrinks on the side of the ring due to the pressure differential, which entrains the corner vortices at the ring edge to the side of the ring. However, the turbulence level of the shear layer separated from the ring is not high enough to cause turbulent transition, and thus quasi-two-dimensional spanwise vortices are formed in the wake, leading to periodic shedding. In contrast, for Re d ≥ 20,000 ( Fig. 16[b] ), the turbulent transition occurs in the shear layer separated from the ring, forming separation bubbles on both sides of the ring. This shrinks the wake behind the ring, which then forms a pair of transverse vortices behind the ring edges. This flow alternation obstructs the formation of spanwise vortices, thus suppressing periodic shedding.
Conclusions
To investigate vortex shedding suppression by the addition of cylindrical rings to a circular cylinder, experiments were performed at Reynolds numbers ranging between Re d = 10,000 and 40,000. It was found that fluctuating lift almost disappeared at Re d ≥ 20,000 for the ring configuration of D/d = 1.3, W/d = 1, and P/d ≈ 3. This was caused by the reduction in both the local fluctuating lift coefficient and the spanwise correlation.
A scenario for vortex shedding suppression was considered as follows: A spanwise pressure gradient originating from a stepwise change in diameter induces a spanwise flow, which brings the corner vortex at the ring edge to the side of the ring. This promotes turbulent transition in the shear layer separated from the side of the ring at Re d ≥ 20,000. As a result, the separated flow reattaches at the rear of the ring to form a separation bubble, which shrinks the wake behind the ring; this induces a pair of large transverse vortices just behind the ring edges. Consequently, this flow alternation obstructs the formation of two-dimensional spanwise vortices and suppresses periodic vortex shedding.
